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Lithium melal oxides with the nominal composition 
Lt 5 La.,M 2 0, 2 (M = Nb, Ta), possessing a garnetlike structure, 
have been investigated with regard to their electrical proper- 
lies These compounds form a new class of solid-state lithium 
ion conductors with a different crystal structure compared 
with all those known so far. The materials are prepared by 
solid-state reaction and characterized by powder XRD and ac 
impedance to determine their lithium ionic conductivity. Both 
the niobium and tantalum members exhibit the same order of 
magnitude of bulk conductivity (~10~* S/cm at 25°C). The 
activation energies for ionic conductivity (<300°C) are 0.43 
and 0.56 e\ ; for Li s La 3 Nb 2 0 i; , and Li s La,Ta,O l: ,, respectively, 
which are comparable to those of other solid lithium conduc- 
tors, such as Lisicon, Li^SinGcjO,,;. Among the investigated 
materials, the tantalum compound Li s La ;t Ta,0, J is stable 
ag tins! reaction .nth molten lithium. Further tailoring of the 
compositions by appropriate chemical substitutions and im- 
proved synthesizing methods, especially with regard to mini- 
mizing grain-boundary resistance, are important issues in view 
of Ihc potential use of the new class of compounds as electro- 
lytes in practical lithium ion batteries. 



I. Introduction 

Them is presently a strong ongoing search for materials for 
energy conversion 1 ~ and storage.-' J e.g.. both high- and low- 
ture 1 rlectrolytes. pho t i il solar cells. 

, ' L ei ^ r d it ' i ge I i" r • . ' 1 . ' . ' i n 
i ' i i us Among these applications, re- 

chargeable lithium batteries using lithium ion conducting electro- 
lytes have drawn much attention dtte to their wide range use in 
r i ic I ith n hal mra 

i i lies t lens m[ i r ith otln 
battery systems.'" 

To date hti t i un batten cie\elopments are mainly 

based on LiCoO, as the positive electrode, lithium ion conducting 
i he elect ilyte (LiPF* dissolved in polyethyl- 

ene oxide), and lithium metal or graphite as the anode. 5 " The 
formation of a solid electrolyte interface 7 at Che anode leads to 
large A 
further major concern is the safety aspect of the liquid and 
common polymeric electrolytes. 5 Thus, the development of alter- 
i e lithium ion condu n it mam issue for 

the present-day development of all-solid-state batteries. 

So far. lithium ion conduction has been reported for a w ide 
of crysta i m< il oxi i i with differ 

of structure."-'- such as Li IJ ZnGe J O l(1 (Lisicon),' 3 - 14 Li.,N, 15 
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Li-P-alumina. 16 -" nasicon-type Li L! Ti i , 7 Al 0 . 3 (P0 4 ).-,, v -" 
Li 4 SiOL,.* LijPO... and perovskiic t> c a)T ' '"^ Table 1 

lists the most well-known crystalline lithium ion conductors and 
indicates their technical problems when being used as electrolytes 
in all-solid-state secondary battery applications. 12-25 None of them 
is suitable for tins purpose except Li~ xs P0.,. 73 N o , 4 (LiPON) 2 - 1 
prepared in sim by a sputtering technique using a target of Li ? P0j 
in controlled N, atmosphere. 24 

In our search for new solid-state lithium ion conductors pos- 
sessing ideal chemical compositions with possible application in 
secondary batteries, we have investigated compounds with similar 
constituents, as in the case of the best lithium ion conductor 
(LLLaVTiO,. but without lithium-reducible titanium and other 
metal ions, such as niobium, tungsten, molybdenum, or vanadium. 
1 idei ' > mpound with the general formula Li 5 La,M 2 0 12 (M = 
Nb. Ta) 2 '"" 3 * are identified to have a garnetlike structure (a = 
12.889(3) A for niobium and 12.823(2) for tantalum; space group 
laid). The structure is constructed of infinite chains of 
(La,M 2 0| 2 )„ — , which are oriented in four different directions, 
and the chains are bonded to each other by sharing lanthanum and 
lithium atoms. 27 These structural findings agree with the structure 
of two different chemical compositions. Li«La,M,0 !2 and 
Li 7 La,M ; 0, 3 . reported in the literature. ;, '- 2>i It is also suggested 
that lithium ion sites are not completely occupied in the first series 
while, in the latter, lithium sites are filled completely. Accord- 
ingly, it is expected that compounds with the formula- 
Li, La ,M,0|, may exhibit good lithium ionic conductivity. Indeed, 
the present study shows that garnet-type Li 5 La,M,0, 2 (M = Nb, 
Ta) forms a new family of hist lithium ion conductors with a 
different crystal structure compared with all known lithium ion 
conductors so far. The ionic conductivity is higher than those of 
LiPON. Li 9 A!SiO B . and Li-p-alumina. Unlike Li-p-alumina. the 
investigated garnet is a stoichiometric and isotropic compound and 

i i h r optimization of tl th on 
well as the composition appears to be promising for further 
improvement since tantalum is less reducible than other transition 
metals by lithium metal in view of practical applications in 
secondary lithium ion batteries. 

U. Experimental Procedure 

The title compounds were prepared bv solid-state reaction using 
stoichiometric amounts of U(NO,)y6H,0, LiOH-KLO. and M = 0 5 
(M = Nb, Ta) ai elevated temperature (Table II ). After each stage 
of heat treatment, the powders were ball-milled using zirconia 
balls for ~ 12 h in 2-propanol. In the final stage of heat treatment, 
the reaction products were pressed into pellets by isostatic pres- 
sure. Powder XRD (XRD) (Model 3(100. SE1FERT; C.uKa radia- 
tion; was used at room temperature to monitor the phase formation 
after each sintering step. The lattice constant was obtained by 
least-squares refinement of the XRD data and was compared in 
Table II with the reported literature data. 

Electrical conductivity measurements of the pellets (0.2 cm in 
thickness and 0.95 cm in diameter), sintered for 24 h at 950°C in 
air, were performed using lithium ion blocking gold electrodes 
(cured at 700°C for 1 h) in the temperature range from 25° to 
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Table I. Typical Crystalline Lithium Ion Conductors, Reported in the Literature and Their Properties 



Li-6-alumina 
Li^ZnGejO,,. (Lisieor 



Li, w PO s , 
U,A!SiO K 



N„, w (LiPON) 3-D 



Very low decom . io tiltage (0 44 Yi 

Higniy hygroscopic, difficult ti> prepare as purr phase 

t i r i i 1 at iheric CC 

conductivity decreases with time 
Unstable with lithium metal, because of facile li" reducuo 
Unstable with lithium metal, because of facile Ti J ~ 
i r j r prepare! 

loss of LkCh variance of conductivity with lithium 

, i ui it oi ifficul i * lu E 1 thium ante 

Moderate conductivity, usee! in development of thin-film 

battery, prep re l u tenng method in situ 
Moderate conductivity at room temperature, stable against 

lithium 



60(!°C using an impedance and gain-phase analyzer (Model HP 
4I<J2 A. Hewlett-Packard Co.. Palo Alto. CA) (5 Hz-13 MHz) 
interlaced with a PC (IBM Instruments, inc., Danbury, CT). A 
two-probe cell was used for these measurements, Before each 
I for 3-6 h 

at constant temperature. For each sample, the measurements were 
made for two heating and cooling cycles. The chemical stability of 
imet-type oxides against 
reaction with molten lithium metal was tested in an argon-filled 

glove box, 

III. Results and Discussion 

Powder XRD patterns of the prepared metal oxides with the 
nominal composition Li 3 La,,M,0,, (M = Nb. Ta) are similar to 
the reported values in the literature (Table Hi and indicate the 
formation of garnet-type phases.-'" 1 " Very interestingly, we found 
that the preparation of Li,La,Nb ; 0, 3 shows only the 
Li<U,Nb,O u XRD pattern (Powder Diffraction File 84-1753. 
International Centre lor Diffraction Data. Newtown Square. PAl. 
which is different from the XRD pattern of Li,La,Nb,0 L , (Powder 
Diffraction File 40-894). We could index the diffraction pattern on 
a cubic eel! with a lattice constanfofa = 12.801(2) A. 

A typical impedance plot obtained for Li,Ls,Ta,O i: in air at 
AO°C is shown in Fig. 1 . It is similar to that of the perovskite-type 
lithium ion conductor (LiXaVnCV and B-alumina.- v showing 
very small bulk (grain interior! resistance at the high-frequency 
side, and a slightly larger gram-boundary contribution and a tail at 
the low -frequency side, suggesting blocking of the electrodes for 

m bile ions (hthiun ) The coi poudu m memb 

shows almost similar impedance data, except that both bulk and 
grain-boundary contributions are overlapping at the high- 

1 1 ' 1 i i i i ide tail is 

first indication that the investigated garnet-type material is ionic in 

We could resolve the low -temperature t < i tO°C) impedance 
data into bulk, grain-boundary, and electrode effects using the 
program !-..u"\ circuit 1 " (Fig. 1 inset). The magnitude of 



the capacitance of the bulk crystal and grain-boundary region is 
of the order of 1 pF and 7 nF. respectively. Because the 
contributions of the bulk and the grain boundary cannot be 
resolved over a wide range of temperature, we uniformly use all 
temperatures of the minimum negative imaginary value or 
intercept of the impedance plot with regard to the imaginary 
axis at the low-frequency side, which combines both bulk and 
grain-boundan conrr bi i " 

value reported here is the lower estimate of the true bulk 
conductivity of the materials. 

Figure 2 shows a typical impedance plot for LuLajTa 2 O l: in air 
with reversible lithium electrodes (LiCoO,). The appearance of the 
low frequenc; intercept in this case is a second and more definite 
indication of lithium ion conduction in the investigated garnet-type 
materials. We also observe nearly the same bulk contributions to 
the total conductivity using reversible and nonreversible electrodes 
(Figs. 1 and 2). In the case of the reversible electrode, the 
grain-boundary portion is slightly overlapped by the electrode 
contribution. 

Figure 3 shows the Arrhenius plot for the total (bulk + 
grain-boundary) ionic conductivity of L^La^O,, (M = Nb. 
Ta). Both Li 5 La,Nb : 0,, and Li 7 La,Nb,0,-, exhibit a similar 
conductivity value, the conductivity data obtained from the 

follow the same line su_ 
equilibrium ictivit bena .r rhe ' an i 
rtecttica, conductivity (<300°C) are 0.43 and 0.56 eV for 
Li s La,Nb,O i: and Li 5 U,Ta-0, 2 . respectively, which are compa- 

ib Jl i si \ reported ft e iithium ioi condi 

tor Lisicoii i'O. 56 e\"i 1J and higher than the values for LUN (0.25 

y y ; " The conduct wi it ible to that of 

Li-B-alumina 1 "* and Li v AlSiO,. ;:1 much higher than that of thick 
pellet UPON? 1 and slightly lower than that of LiuZnGejO,,, 1 -' 
and Li„.. u La,,..,,Ti0 2 . y /' (Fig. 4). 

The dc conductivity value obtained from ac impedance data 
(Fig. 2) using the intercept close to the 5 Hz value, when 
employing reversible LiCoCs electrodes, shows that the dc con- 
ductivity of U.«U,Ta,0 l3 ai"25*C is 1.2 X 10 S/cm. and total 
conductivity is 3.4 y. 10"" S.'cm. which is a most attractive feature 



ULa-Nt 0°O24 h. 800X724 h. 850° md 95 24 f 2 - 

U«U-Ta;0,; 700 c C--i 00X724 1 • ." . 2 h. and 950T/24 h 12.766(3) 

LuLa,Nh;o',; 500°C-850'C/u h 12.797* 

Li.La'^NblO,: 700°C~9uO°C24 h 12.889(3 P 

Lt.UTaCO.V 500°C^50 o C76 h 12.804* 

U s Li^Nb;O t , 700°C-900°C/24 h 12.823(2,V 

~~1~, „, , of tlir svmuraizcd (impounds • ..l tai ihc cor one if ' 1 ' lOOfPC er XRD psmen veurtlec 

uicr SOt t 3 c-pfcuc farws smjcttm. ciml perform i < 
iwasuwmems. Atwve 1050T. lite samples wie decomposed ic» perovskuciypc U..UMO* IM = Nb. Ta) (ICDD Powder Diffraction 
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Fig. 1. Plot showing ac impedance data for Li 5 La 7 Ta 2 0i; using lithium 
ion blocking gold electrode. Applied voltage is 100 mV. Small bulk 
resistance is observet > I iuenc it , „ n-boundan contrmu 
ions and tail a . >n n d ' 1 " ' ' ' 

histh-freqiiencY portion of the impedance spectrum. Line connecting data 
points has been fill i it ' ' > 

nrcuit cunsisthtr of tw parallel reststance-canaciiancc and capacitance 
is (RQlfRQXQ). 



of the investigated material compared with other lithium ion 
i th best lithium ion conductor based 

on perovskite (U.La)TiO, exhibits a total conductivity or' 7 x 
10"' S/cm at 25"C. although its bulk conductivity is s\ x 10" '- 
S/cm.'* 



1,5 2,0 2,5 3,0 
1000/T (K~ 1 ) 



s 




Fig. 3. Arrhenius plot for total (bulk + grain-boundary) conductivity of 
ta> Li,La,Nb,0 >: (solid circles) and fh) U s lj,Ta,0„ (open mangles). 
Data obtained from the first healing and cooling cycle follow on the same 
, triangles represent the bulk io miribuiion or Li,La,Ta_,0 

nctivtty arc nearly in the same order. 



The high ionic conductivity in the present class of materials 
may be due to the migration of lithium ions in the three- 
nsional tram I tronl most of the well 

n lithiui ion c J i n\ H ' ,z which have been observed 
mainly based on layered (two-dimensional) (Li 3 N. Li-P-alumina). 
frameworfc/nasicon-type (Li 1 . 3 Ti I . 7 Al 1 ,..,(P0 4 ) ? (open channel)), 
hue tial (Li, -iiGcjO,,,). and defective perovskite ((LiJLa) 
TiO-,) structures. In contrast to Li-0-alumina and Li 3 N, the garnet 
is an isotropic (three-dimensional) compound, and hence conduc- 
tivity occurs in three dimensions, similar to the case of nasicon- 
type'and Lisicon lithium ion conductors. The exact mechanism for 
conduction is presently not known, however. 

We investigated the chemical reaction stability of the tantalum 
compound Li 5 La ? Ta,O l; with elemental lithium because it is com- 
posed of tantalum and lanthanum, which arc less reducible than 
the niobium compound. Indeed, in contact with molten lithium. 
UU,Ta,0,, remains the original white color and docs not show any 
siens of attack, suggesting that it is stable against reaction with 
elemental lithium According!) L Laja,0 12 is considered to be a 
potential material for ail-solid-state lithium ion batteries. 



IV. Conclusions 



t the ti 



jt-type 



3,0x10" 6,0x1 0 4 9,0x10' 1,2x1 0 5 1,5x10 

Z'(Q) 



ta tor Li 



.a ,Ta,0, 



! 

revcrsit rode a u.i- Apt ignal rf ' ' 

bulk and grain-boundary contributions are observed at the high-frequencj 
side, and a large intercept at the low-frequency side is observed due to the 
electrode, suggesting predominant lithium ion conduction. Bulk and total 
conductivi net i the high- and low-frequency in I 



The present studies 
materials form an attractive new class of materials with fast 
lithium ion conduction comparable toother lithium ion conductors. 
More importantly, unlike fast lithium ion conducting 
Li, .ZiiGejCV CLi.La)Ti0 3 . and Li,. 3 Ti,. 7 Al u .,fPO a ).,. one of the 
p i f the i investig her Li,La 3 Ta-.C i n 
posed of tantalum and lanthanum, which are less reducible by 
lithium metal than other cationic species. Thus, further tailoring of 
the compositions by appropriate chemical substitutions and im- 
proved synthesizing methods, especially with regard to minimizing 
grain-boundary resistance, are important issues in view of using 
this electrolyte in practical lithium ion batteries. 
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600 400 200 



Temperature (°C) 



La 0J1 Li 0M TiO Z9< 
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Li 13 Ti 17 A! 03 (PO 4 ) 3 
Li g AISi0 8 
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Li 2ee PO 373 N 014 (UPON) 
Li-p-alumina 
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n literature. Conductivity is higher than 
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